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Abstract 
The investigation of friction at the die billet interface in hydrostatic extrusion process is vital issue as it is affected by various 
operating conditions. In presence of pressurized lubricant chamber or hydrostatic extrusion pressure a lubricant film is formed at 
the interfacial contact in hydrostatic extrusion process. Existence of lubricating film at the interfacial contact drastically reduces 
friction and its optimization is needful as thick lubricating film produces unconstrained deformation on the billet surface and thin 
lubricating film enhances friction on the interfacial contact. Therefore, the purpose of this paper is to carry out theoretical 
investigation of friction at die/billet interface in hydrostatic extrusion process of commercially pure aluminum under various 
operating parameters using a Roelands’ viscosity model. The Tresca’s friction factors at the interfacial contact of die/billet 
increases on increase of semi-die angle of die and decreases on increase of extrusion pressure due to more favourable lubrication 
conditions. 
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1. Introduction  
     Hydrostatic extrusion is a type of metal forming process in which difficult to deform materials can be extruded 
by applying hydrostatic extrusion through hydrostatic lubricant chamber. In this process, lubrication plays 
significant role as existence of thin lubricating film between the die and billet interface ease extrusion operation. 
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However, lubricating film at the interfacial contact reduces the extrusion power and improves the life of die due to 
reduced wear and friction. The quality of the product is significantly improved in presence of a lubricating layer. In 
hydrostatic extrusion process billet is completely surrounded by pressurized lubricant in a hydrostatic container and 
plastic deformation occurs when lubricant pressure at the interfacial contact increases local yield strength of 
material. Hydrostatic pressure in the surrounding fluid/lubricant is controlled externally through a hydraulic ram and 
deformation of billet at the interface is carried in presence of hydrostatic pressure therefore interfacial pressure is 
developed at the interface due to hydrodynamic action of lubricant.  
  Hydrostatic extrusion process was presented by [Bridgman 1952] and observed that hydrostatic medium 
enhances ductility in the material and therefore difficult to deform materials can be extruded by hydrostatic 
extrusion process. The effect of friction in extrusion process has been examined by [Avitzur 1963, Avitzur 1964] 
using upper bound theorem for small and large semi-die angles. However, experimental studies for determining the 
coefficient of friction in the hydrostatic extrusion process have been done by [Pugh 1964, Erans and Avitzur 1968]. 
While [Wang et al. 2012] have nicely summarized the recent developments on the studies of the friction in extrusion 
processes. On the basis of hydrodynamic lubrication theory [Wilson 1971] has showed that friction is higher in well 
lubricating conventional extrusion than hydrostatic extrusion with same operating conditions and concluded that the 
difference in friction is due to more favorable inlet conditions for hydrodynamic lubrication in hydrostatic extrusion 
process than a conventional extrusion process. The co-efficient of friction based on the hydrodynamic lubrication 
theory for the hydrostatic extrusion is evaluated theoretically by [Snidle et al. 1976] and described that the co-
efficient of friction is much higher for low extrusion ratio while at higher extrusion ratio it is found practically 
acceptable results. 
 
Fig. 1 Schematic diagram of hydrostatic extrusion process with coordinate system 
The purpose of the present paper is to investigate friction at the die/billet interface in hydrostatic extrusion 
process (Fig. 1) at various operating parameters; dimensionless extrusion pressure (Q = 1.5 to 2.0), semi-die angle (θ 
= 100 to 200), viscous thermal parameter (L = 3.4×10-4 to 3.4×10-2). The inlet zone is solved for the computation of 
thermal minimum film thickness, temperature and pressure and the solution of inlet zone is useful in the estimation 
of friction at die/billet interface in the work zone of hydrostatic extrusion process. Coupled solution of Reynolds 
equation with energy equation is presented with a lubricant whose rheology is given by Roelands’ viscosity model. 
The presented model is solved using non-uniform grid size by central finite difference method.  
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Nomenclature  
Cp  specific heat of lubricant, kJ/kg-K 
C  specific heat of billet, kJ/kg-K 
Di  initial diameter of billet, mm 
G  material parameter (α.σy) 
h  lubricant film thickness, m  
hmin,inlet     minimum film thickness in the inlet zone, m 
k  thermal conductivity of lubricant , Wm-1K-1 
k’  shear strength of material, MPa 
L  viscous thermal parameter (η0Ub2γ/4k) 
m   lineal mass flux, kg/m-s 
 p  lubricant pressure, N/m2 
q  extrusion pressure, N/m2 
T  film temperature, K-1 
T0  ambient temperature, K 
u  lubricant velocity, m/s 
U  billet velocity in the work zone, m/s 
Ub  initial billet velocity, m/s 
z'  exponent in Roelands’ viscosity model 
Greeks 
α  pressure viscosity co-efficient , m2/N 
γ  temperature co-efficient of viscosity, K-1 
ε  true strain 
η  viscosity of lubricant, Pa-s 
η0  viscosity of lubricant at ambient temperature, Pa-s 
θ  semi-die angle of die, degree 
ρ  density of lubricant, kg/m3 
ρb  density of billet, kg/m3 
τ  friction stress, MPa 
 
2. Governing equations 
 In the proposed model, the variation of lubricating oil viscosity has been modeled using following Roelands’ 
viscosity relationship:  
^ `'0 0 0-9X10exp[(ln 9.67) 1 (1 5.1 ) ( )]zp T T      K K K J       (1) 
The mass flow rate of lubricant along lubricant film is given by the relation: 
+ /2
- /2
h
h
um dy ³ U            (2) 
Taking the divergence of mass flux yields generalized Reynolds equation: 
0.( / )m U            (3)   
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 Energy equation is expressed by omitting conduction along the lubricant film and convection across the lubricant 
film: 
           2/ (/ / / )pu C k T yT x y u y w w w w w w w wU K                                                                        (4) 
The formulation of the above governing equation is done by [Tomar et al. 2013, Singh et al. 2008] and used by 
[Tomar et al. 2013, Tomar et al. 2013, Tomar et al. 2013] in the solution of different type of extrusion process.  
The lubricant film thickness h in the inlet zone is expressed by the following relation: 
   min, 1
  ( - ) tan( )inlet x xh h  T          (5) 
In the work zone, the film thickness is assumed to be linear and is expressed as:  
 min, 1( / )inlet x xh h                (6)      
Billet velocity at any location ‘x’ in the work zone is determined using the conservation of mass principle. 
Expression for the billet velocity is written as:  
 21( / )b x x CosU U T                (7)      
Variation in lubricant’s velocity ‘u’ across the lubricating film at a section ‘x’ is written as: 
  21
2
  U dpu y y yh
h dxK                  
(8)
 
  
The shear stress for the Newtonian lubricant is expressed as: 
 
2
 U h dp
h dx
KW
                                  
(9)
   
 
Strain hardening model [Farhoumand and Ebrahimi 2009] is considered in the analysis of work zone which is 
written as: 
 0.3133y  V H                     (10)      
where ‘ε’ is the true strain of billet at any location ‘x’ is given by the relation: 
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Due to plastic deformation, the steady state billet temperature is taken as: 
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Extrusion pressure is determined by the following relationship: 
 '
1
2
2 ij ijV
q k dV ³  H H                (13) 
Tresca’s friction model [Kobayashi et al. 1989] is shown by the following relationship: 
 
3
y
m VW                 (14) 
3. Results and discussion  
In the present paper extrusion pressure is determined using Tresca’s criterion of yielding and Reynolds equation 
is solved thermally in consideration of viscous heating heating effect for the computation of thermal minimum film 
thickness of lubricant in the inlet zone using input data (Table-1). The minimum film thickness of lubricant in the 
inlet zone is a boundary condition for the solution of work zone and therefore real assessment of minimum film 
thickness in the inlet zone leads to perfect modeling of frictional behavior in the work zone. A comparison of 
thermal minimum film thickness in the inlet zone is done (Fig. 2) with Wilson & Mahadavian formula [Wilson and 
Mahadavian 1976] in which Barus viscosity model is assumed and results shows that a significant difference is 
observed in the present computational work. The thermal minimum film thickness of lubricant is found an 
increasing trend with the given viscous thermal parameter (Fig. 3) while for elevated viscous thermal parameter a 
reverse trend is also observed by the authors while thermal minimum film thickness decreases with increase of semi-
die angle of die. The variation friction stress decreases along the work zone (Fig. 4) due to excessive lubricant 
pressure/more lubricant viscosity at the entry point and decreases on increase of viscous thermal parameter.  The 
average friction factor increases on increase of semi-die angle (Fig. 5) and decreases on increase of viscous thermal 
parameter and extrusion pressure (Fig. 6) due to better lubricating conditions at the die/billet interface.  
Table 1. Input data 
Density of billet (ρb), kg/m3 2713 
Initial diameter of billet (Di), mm 10.43 
Specific heat of billet (c), kJ/kg-K 
Density of lubricant (ρ), kg/m3 
Exponent in Roelands’ viscosity model (z’) 
Ambient temperature (T0), K 
Pressure  co-efficient of viscosity (α), Pa-1 
Specific heat of lubricant  (Cp), kJ/kg-K 
Temperature co-efficient of viscosity (γ), K-1  
Thermal conductivity of lubricant (k), W/m-K 
Viscosity at ambient temperature (η0), Pa-s 
0.87 
890 
0.63 
303 
2.8×10-8 
2.0 
0.04 
0.173 
0.438 
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Fig. 2 A comparison of minimum film thickness in the inlet zone with Wilson and Mahadavian formula [Wilson and 
Mahadavian 1976] with various thermal parameters (η0 = 0.438 Ns/m2, α = 2.8×10-8 Pa-1, γ = 0.04 K-1, θ = 
15 degree, Q = 2.0) 
 
 
Fig. 3 Variation of minimum film thickness in the inlet zone with various Viscous thermal parameters for several 
semi-die angle (η0 = 0.438 Ns/m2, α = 2.8×10-8 Pa-1, γ = 0.04 K-1, Q = 2.0) 
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Fig. 4 Variation of friction stress along the work zone for several viscous thermal parameters  
(η0 = 0.438 Ns/m2, θ = 150, α = 2.8×10-8 Pa-1, γ = 0.04 K-1, Q = 2.0) 
 
 
Fig. 5 Variation of average friction factor with semi-die angles for several viscous thermal parameters  
 (η0 = 0.438 Ns/m2, α = 2.8×10-8 Pa-1, γ = 0.04 K-1, Q = 2.0) 
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Fig. 6 Variation of average friction factor with semi-die angles for several extrusion pressures 
  (η0 = 0.438 Ns/m2, α = 2.8×10-8 Pa-1, γ = 0.04 K-1, L = 0.034) 
4. Conclusion  
The model presented in the paper is valid for hydrodynamic lubrication regime of hydrostatic extrusion process 
in which fully flooded lubrication prevails at die/billet interface. The following conclusions are made on the basis of 
present investigation for the assessment of frictional behavior at die/billet interface in hydrostatic extrusion process; 
(1) The thermal minimum film thickness in the inlet zone decreases on increase in semi-die angle of die and it 
increases with increase of given viscous thermal parameter.  
(2) The friction stress decreases along the work zone and a decreasing trend is observed with an increase in 
viscous thermal parameters. 
(3) Average friction factor found a increasing function of semi-die angle of die and decreasing function of 
viscous thermal parameter and extrusion pressure. 
(4) The model may be extended for the investigation of friction at die/billet interface in hydrostatic extrusion in 
which rheology of lubricant is given by non-Newtonian model of lubricant.   
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